In this study, an analysis of the monthly mean values of the fraction of the sky covered by clouds (C) of all types and the duration of bright sunshine hours (S) and global solar radiation on the horizontal surface (H) was carried out to establish relationship for solar radiation estimation for Bangladesh. The relationship between C and (1 − S/S 0 ), where S 0 is the maximum possible hours of sunshine, was found to be nonlinear. The relationship between C and (1 − H/H 0 ), where H 0 is the extraterrestrial solar radiation, was also found to be nonlinear. Few quadratic regression equations were derived for different regions of Bangladesh. The data were separated in Zone 1 (below the tropic of cancer, i.e., ≤23.5°N) and Zone 2 (above the tropic of cancer, i.e., ≥23.5°N). All the developed models were checked statistically. It was found that it is always better to estimate solar radiation from sunshine duration as it gives the best estimation and accuracy, but if there is no sunshine duration data available for a site, then solar radiation can be estimated directly from cloud cover data. Estimating sunshine duration first from cloud data to estimate solar radiation introduces more error as it has to go through the modeling stage twice. In case of the need of sunshine duration data only, the estimation from cloud cover is quite helpful. It was also found from the study that for small country like Bangladesh separating data according to latitude has insignificant effect.
Background
Bangladesh is a small south Asian country with an area of 147,570 km 2 and located between latitudes 20.59°-26.63°N and longitudes 88.01°-92.67°E. Among fossil fuel, Bangladesh has only natural gas that is used in power generation in the country (Ahiduzzaman and Islam 2011) . According to Bangladesh Power Development Board (BPDB), Bangladesh has a total installed capacity of 11,532 MW, and among them 62.76 % of the total generation comes from natural gas (Bangladesh Power Development Board 2015) . A large amount of imported furnace oil is burnt to produce 20.45 % of total power which emits a huge amount of CO 2 and other toxic gases. The estimated reserve of natural gas which is around 13.75 Tcf would meet the country's demand till 2015. After that, there will be a shortage of gas supply which would rise to 4421 MMcfd by 2025. Therefore, an additional 8.35 Tcf supply of gas is to be met by some other means (Ahiduzzaman and Islam 2011) . Fortunately, Bangladesh receives moderate amount of daily sunshine of 4.5-4.8 kWh/m 2 which can be proved very significant for a sustainable power sector (Mondal and Islam 2011) .
Knowledge of the amount of global solar radiation of an area is essential to design various solar energy systems. Unfortunately, solar radiation measurement instruments are costly and require proper maintenance and calibration. Therefore, solar radiation data are not readily available to the designers of solar energy systems, decision makers, or the investors. Being a developing country, Bangladesh has very less investment in technology to measure solar radiation all over the country. In fact, there is no solar radiation measurement instrument installed in any station of Bangladesh Meteorological Department (BMD 2015) . So there is a need to develop methods for estimating solar radiation from other meteorological parameters like sunshine hour data or cloud cover data.
In past, many empirical models were developed by many researchers using various meteorological parameters like sunshine hours (Angstrom 1924) , precipitation (Hargreaves and Samani 1982) , air temperature (Jong and Stewart 1993) , relative humidity (Elagib et al. 1998) , and cloudiness (Black 1956 ) to establish a relationship with solar radiation. Bakirci (2015) has developed some new empirical models for predicting the monthly mean diffuse solar radiation on a horizontal surface for typical cities in Turkey. Chelbi et al. (2015) have done the solar radiation mapping using sunshine duration-based models and interpolation techniques for Tunisia. Simple correlation for estimating the global solar radiation on horizontal surfaces for India was done by Katiyar and Pandey (2010) . Liu et al. (2015) found the changes in the relationship between solar radiation and sunshine duration in large cities of China. Robaa (2008) has done the evaluation of sunshine duration from cloud data in Egypt. Yang et al. (2012) have done the hourly solar irradiance timeseries forecasting using cloud cover index. Nimnuan and Janjai (2012) have found another approach for estimating average daily global solar radiation from cloud cover in Thailand. New types of simple nonlinear models to compute solar global irradiance from cloud cover amount were found by Badescu and Dumitrescu (2014) . Ehnberg and Bollen (2005) have done a simulation of global solar radiation based on cloud observations. Reddy (1974) has developed an empirical method for estimating sunshine from total cloud amount. Morf (2014) has done sunshine and cloud cover predictions based on Markov processes. Babatunde and Aro (1995) have established a relationship between "clearness index" and "cloudiness index" at a tropical station, for instance, Ilorin, Nigeria. have done a review of sunshine-based global radiation models. Manzano et al. (2015) established a method to estimate the daily global solar radiation from monthly data.
However, most of the models used sunshine duration to estimate solar radiation . The most widely used and accepted method is that of Angstrom (1924) who proposed a linear relationship between the ratio of average daily global radiation to the corresponding value on a clear day and the ratio of average daily sunshine duration to the maximum possible sunshine duration.
Although there are 35 sunshine duration measurement stations of BMD installed in different areas of Bangladesh, there are still too few of them to cover the whole country. Therefore, it is essential to estimate solar radiation from other climatological parameters like cloud cover. In fact, cloud cover data are more numerous and in some instances geographically better distributed than sunshine hour data (Iqbal 1983) .
Furthermore, there is no publication or previous study on the prediction of solar radiation from cloud cover data of Bangladesh. Therefore, the main objective of this study is to establish simple models to estimate solar radiation from cloud cover precisely. This is done by two different ways: First, quadratic models were developed for different regions of Bangladesh to estimate sunshine duration from cloud cover data, and then using models already established by other researchers Chelbi et al. 2015; Li et al. 2011; ) solar radiation was estimated. Second, regression models are developed to estimate solar radiation directly from cloud cover data. Later on, the results of these two different ways are compared by statistical error tests.
The climate of Bangladesh
Bangladesh is a small south Asian country which has an area of 147,570 km 2 and located between latitudes 20.59°-26.63°N and longitudes 88.01°-92.67°E. It is a low-lying plain situated on deltas of large rivers flowing from the Himalayas. The climate of Bangladesh is a subtropical climate with high seasonal variations in rainfall, moderately warm temperatures, and high humidity (Rashid 2006) . There are four distinct seasons: (1) the dray winter season from December to February, (2) the pre-monsoon hot summer season from March to May, (3) the rainy monsoon season from June to September, and (4) the post-monsoon autumn season which lasts from October to November (Shahid 2010) . Because of these distinct seasons, Bangladesh receives variable rainfall according to place and time. Rainfall varies from 1400 to 4400 mm from west to east, respectively. The rainfall gradient is 7 mm/km from west to east of the country (Shahid 2010) . More than 75 % of the total rainfall occurs during the monsoon. Therefore, in terms of cloud coverage, we can expect clear days (0-2 oktas) in the dry winter season (from December to February), mixed days (2-4 oktas) in both pre-and post-monsoon seasons (from March to May and from October to November, respectively), and overcast days (4-8 oktas) in the rainy monsoon season (from June to September) (Khadem et al. 2007) . During winter, the average temperature of the country ranges from 7.2 to 12.8 °C and during summer 23.9-31.1 °C (Shahid 2010) . The coldest month is January and the hottest month is May in Bangladesh. In winter, there are also foggy and misty days from December to January which might also restrict solar insolation to reach the surface.
Methods

Estimation of sunshine duration from cloud amount
From ancient time, people knew the relationship between sunshine and cloud cover. Early researchers also knew that there is an inverse relationship between insolation and the amount of sky covered by clouds (Kimball 1919 ).
The inverse relationship results from the fact that sunshine duration (S) records are usually caused by the sun being obstructed by cloud cover (C) of sufficient opacity (Rangarajan et al. 1984) . The relationship between mean cloudiness C and the global solar radiation H is given by the well-known Angstrom-Savinov formula (Rangarajan et al. 1984) as:
where H 0 is the estimated daily global radiation for a cloudless sky, C is the monthly average fraction of the daytime sky obscured by clouds, and k is a constant defining the transmission of solar radiation within the clouds. Generally, the value of k varies between 0.55 in high latitudes and 0.33 in low latitudes (Mani et al. 1967 ). This formula is very similar to the Anstrom-Prescott (A-P) formula relating sunshine duration (S) with global solar radiation (H) as:
where N is the maximum possible duration of bright sunshine during the day and a and b are regression coefficients to be found. According to Rangarajan et al. (1984) , if the estimate is correct and free from visual errors, then the total cloud amount should follow the relationship as:
If Eq. (3) is valid, then all points should lie clustered along the straight line passing through the origin and the (1, 1) point. Unfortunately, cloud cover estimation is not free from error. Rather it depends on the perspective of the viewer. In some extreme cases, it is possible that a small hole in the cloud could remain open for a long period of time or one small cloud could keep the sun obscured for a long time while moving with the sun (Iqbal 1983) . The reflection of solar radiation from the edges could also increase the insolation enough to burn the card of Campbell-Stokes sunshine recorder. So the plot of Eq. (3) will not coincide with y = x line. Rather
it will deviate from ideal conditions. Therefore, a correlation is necessarily to be found to estimate sunshine duration. In this study, we have established correlations between cloud cover with sunshine hour for different stations of Bangladesh.
Using the correlations found from (3), we can estimate S/S 0 . Then, multiplying this value with S 0 will provide us the value of S.
Estimation of solar radiation from estimated sunshine duration
We can use the estimated sunshine duration data as described in the previous section to further estimate the solar radiation of the region. Different regression models to estimate global solar radiation on the horizontal surface from sunshine duration which are proposed in the literature are given in Table 1 (Almorox and Hontoria 2004; Angstrom 1924; Prescott 1940; Akinoglu and Ecevit 1990; Ertekin and Yaldiz 2000; ). The models that can be used to estimate solar radiation from sunshine duration for Bangladesh are given in Table 2 . We have used the general Angstrom-Prescott type model to estimate solar radiation from sunshine duration estimated previously from cloud cover data.
In the models in Table 1 , H is the global solar radiation on horizontal surface (kWh/m 2 ), H 0 is the extraterrestrial radiation (kWh/m 2 ), S is the sunshine duration (h), S 0 is the day length (h), and a, b, c, and d are the empirical coefficients.
Extraterrestrial solar radiation H 0 can be calculated according to Duffie and Beckman (2006): where G sc is the solar constant (1367 W/m 2 ), D is the day number of the year counting from first January, ф is the latitude of the place (°), ω s is the sunset hour angle (°), and δ is the solar declination (°).
(4) Table 1 Empirical models to calculate solar radiation from sunshine duration
Models
Regression equations Source
Linear Prescott (1924 Prescott ( , 1940 Quadratic and Ecevit (1990) Third degree
Ertekin and Yaldiz (2000) Logarithmic
Almorox and Hontoria (2004) Power
The value of δ and ω s can be calculated from Eqs. (5) and (6) The day length S 0 can be calculated using the value of ω s as follows (Duffie and Beckman 2006 ): Now, the ratio H/H 0 can be found by substituting the values of measured global solar radiation (H) and extraterrestrial radiation H 0 . This ratio H/H 0 is known as clearness index which gives the percentage deflection by the sky of the incoming global radiation and changes in the atmospheric conditions in a given locality (Iqbal 1983 ).
Estimation of solar radiation directly from cloud cover data
In 1956, Black used data of 88 stations from all over the world to develop an empirical relationship between solar radiation and cloud cover (Black 1956 ). He used the mean monthly values for 88 stations and performed a regression analysis to find the following relationship between H/H 0 and C: Unfortunately, this relationship can produce substantial amount of error as according to Black himself (Black 1956 ): (1) Mean monthly values were calculated from the maximum numbers of years and (2) different instruments have been used in different stations and no attempts have been made to reduce these instruments to a common standard.
Therefore, we have done a regression analysis to establish some new models to estimate solar radiation (H) directly from cloud fraction (C) for Bangladesh. To do In BMD, sunshine duration data were recorded using Campbell-Stokes sunshine recorders. Cloud cover data were also taken from ground observations at 1-h interval by estimating the total fraction of the celestial dome covered by clouds of any thickness and then rounded to the nearest one-eighth, or okta. The data are divided into two zones for better estimation. The data of Zone 1 come from stations having latitude less than those of Tropic of Cancer (23.5°N), and the second zone is formed with stations having latitude greater than Tropic of Cancer (23.5°N). This is done to check the effect of latitude on the regression equations as well as to find a more accurate estimation. Table 3 shows detailed information about the stations and their period of observation of meteorological data, and Fig. 1 shows the geographical distribution of BMD stations over Bangladesh.
German Aerospace Center (DLR) time-series data (German Aerospace Center 2015) of global solar radiation was also available for ten sites from Solar and Wind Energy Resource Assessment (SWERA) project database (Schillings et al. 2014) . The DLR data were not used to find model parameters; rather it was used to have an assumption of the validity of the models. 
Statistical evaluation
To evaluate different models developed in this study, six statistical quantitative indicators were used. These quantitative indicators are: the coefficient of determination (R 2 ), mean percentage error (MPE), mean bias error (MBE), root mean square error (RMSE), mean absolute relative error (MARE), and t-statistic (t-stat). These indicators can be calculated as follows (Despotovic et al. 2015) .
In case of sunshine duration estimation, 
where S i,m and S i,c are the ith measured and calculated values, respectively (h), S m,avg is the average of the measured values (h), and n is the number of observations. In case of solar radiation estimation, For better data modeling, MPE, MBE, MARE, t-stat, and RMSE should be closer to zero, but R 2 should approach 1.0 as closely as possible.
Results and discussion
The relationship between C and (1 − S/S 0 ) was found by plotting monthly mean values of (1 − S/S 0 ) with corresponding monthly mean values of C for 20 stations among which 10 are below the tropic of cancer and 10 are above. At first, correlations were found separately for every stations. Then, all the values taken from Zone 1 (below 23.5°N) and from Zone 2 (above 23.5°N) were plotted to find the correlations of these two zones. Finally, all the values from all 20 stations were plotted to get an overall correlation for whole Bangladesh. Figures 2, 3, 4 , 5, and 6 show the plots achieved and their associated models with coefficient of determination (R 2 ) for different regions and whole Bangladesh. From Figs. 2 and 3, it is evident that most of the points lie above the straight line (1 − S/S 0 ) = C for cloud fraction 0 to 0.2, approximately close to the line for cloud fraction 0.3 to 0.5, and below the line for cloud fraction above 0.5. If Eq. (3) is valid, then all points should line clustered along the (1 − S/S 0 ) = C straight line. However, as it is shown in Figs. 2, 3, 4 , 5, and 6, the relationship is not linear and does not coincide with (1 − S/S 0 ) = C line. Rather, it follows a quadratic relationship like: This is because of having a systematic error in groundbased cloud cover estimation. We can see that groundbased observers have overestimated overcast conditions (17)
(C = 0.4-0.7) and underestimated clear days (C = 0-0.4). The main reason why ground-based observers overestimate overcast cloud cover seems to be that clouds with vertical extents appear to fill a greater fraction of the sky when located near the horizon than when they are overhead (Rangarajan et al. 1984) . On the other hand, cloud amounts ranging from 0 to 0.4 are underestimated as in winter days (when most of the clear days are observed with low cloud amount) there are mist or fog on the ground level although the sky is clear without any cloud. The Campbell-Stokes sunshine recorder will not burn the card in this condition, but the cloud cover observer will mark it as zero cloud condition. This phenomena is usual in the northwestern part of Bangladesh. Table 4 shows that the quadratic model gives approximately maximum goodness of fit. Then increasing the order of the equation further does not increase the R 2 value significantly. Therefore, in this study the higherdegree models were not considered for sunshine duration estimation. Tables 5 and 6 show the values of regression coefficients of quadratic model for sunshine duration estimation from cloud fraction and their corresponding statistical evaluation. For all the models either regional, zonal, or countrywide, the value of RMSE did not exceed 0.8 and most of the time remained below 0.5. The MARE values also showed promising results with less than 0.1 for most of the cases. The MPE also remained less than 10 %, and MBE also remained less than 0.5. Now, comparing all the results we can see that regional models give best fit with the value of R 2 ranging from 0.9 to 0.99, whereas models for Zone 1 and Zone 2 also performed well with little less accuracy and fit. The overall model for whole Bangladesh also performed quite well and sometimes better than the zonal models.
As using different models for different regions is quite difficult and the accuracy is not that much deviated, we suggest the following equations for estimation of sunshine duration from cloud amount in Bangladesh:
For Zone 1 (≤23.5 • N):
For whole Bangladesh:
Now using calculated monthly mean values of S from the corresponding mean of C, we can compute monthly mean values of global solar radiation H using standard techniques developed by other researchers AlMostafa et al. 2014) . Table 7 shows different models to estimate solar radiation directly from cloud cover data. After the statistical error test, it is seen that the higher-degree models perform better with lowest RMSE values. The fifth-degree model performs best, but to avoid complexity one can easily use quadratic or third-degree model to estimate solar radiation. Considering both, the simplicity of the model and accuracy, we can recommend the thirddegree or cubic model for use:
Finally, Table 3 shows that we have measured global solar radiation field data only for five stations of BMD, and those were only for 1 year for all the four stations except Dhaka. Therefore, we have chosen Dhaka station's data to compare all the methods of estimation. Figure 7 shows the comparison of different estimated and measured global solar radiation (H) of Dhaka, Bangladesh, and it is evident that all the models performed quite well and give approximately close estimation of solar radiation for Dhaka. Figure 8 shows the comparative errors in global solar radiation estimation of different methods. We can see from the figure that estimating solar radiation from sunshine duration gives the best estimation with quite low RMSE value of 0.13 (kWh/m 2 ). However, if there is no sunshine duration data available for a site, then it is better to estimate solar radiation from direct cloud cover estimation models. Estimating sunshine duration first from cloud data to estimate solar radiation introduces more error as it has to go through the modeling stage twice. In case of requirement of sunshine duration data, the estimation from cloud cover data is quite helpful and gives quite close estimation.
Conclusions
As a developing country with very less investment in technology to measure solar radiation directly, Bangladesh needs models to estimate solar radiation from other climatological data like cloud cover. Therefore, both the models to estimate sunshine hours from cloud cover of various regions of Bangladesh are established along with models to estimate solar radiation directly from cloud cover data. As sunshine hour has a latitudinal dependence, two general models for Zone 1 ≤23.5° and Zone 2 ≥23.5° are developed to estimate sunshine hours with better accuracy. Finally, a quadratic relationship for whole Bangladesh is proposed. In case of models to estimate solar radiation directly from cloud cover data, few linear and higher-order models are proposed. All the developed models are checked statistically. The value of RMSE did not exceed 0.8, and most of the time remained below 0.5. The MARE values also showed promising results with less than 0.1 for most of the cases. The MPE also remained less than 10 %, and MBE also remained less than 0.5. The regional models give best fit with the value of R 2 ranging from 0.9 to 0.99, Whereas sunshine duration measurement models for Zone 1 and Zone 2 also performed well with little less accuracy and fit.
As using different models for different regions is quite difficult and the accuracy is not that much deviated, we suggest the model developed for whole Bangladesh in Eq. (24) to be used for estimation of sunshine duration from cloud amount in Bangladesh. On the other hand, Eq. (25) can be used to estimate solar radiation directly from cloud fraction in Bangladesh. It is also seen from the study that for a small country like Bangladesh separating data according to latitude has no significant effect.
Finally, it is always better to estimate solar radiation from sunshine duration as it gives the best estimation with quite less error. However, if there is no sunshine duration data available for a site, then solar radiation can be estimated directly from cloud cover data. Estimating sunshine duration first from cloud data to estimate solar radiation introduces more error as it has to go through the modeling stage twice. In case of requirement of sunshine duration data, the estimation from cloud cover is quite helpful. 
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